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Preface

This thesis describes my efforts to determine the

crystallization kinetics of two amorphous iron alloys,

Fe 8020 and Fe80 P6 . C 3.5B0* The objectives of this study

were: i) to anneal the glasses at various temperatures,

2) to take Mossbauer spectra during the annealing, 3) to

analyze the spectra to determine the growth of crystals, and

4) to use the crystallization rates to calculate the activa-

tion energy and projected lifetimes at 473 K. This thesis

will summarize past work in this area, describe the equipment

and methods, and present analysis of the Mossbauer spectra

and the results, conclusions and recommendations.

I thank Dr. Harold Gegel of the Air Force Materials

Laboratory for sponsoring this study and supplying the

glassy metal ribbons. I especially thank my advisor,

Dr. George John, for his continuous support and guidance.

Finally, I am grateful to my wife, Judy, and my sons, David

and Timothy, for their constant devotion and support during

this long study.
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Abstract

In this study, Mossbauer spectroscopy was used to
examine thermal aging of two metallic glasses. Fe80B20 was

isothermally annealed at 573, 604, 611, and 626 K; and

Fe8 0P6 .5 C3 .5 B1 0 was annealed at 614, 716, and 744 K. The

activation energy of Fe 80B 20, determined from the growth of

a-Fe crystals, was 0.256 ± 0.006 MJ/mole. The projected

lifetime of this glass, based on the onset of crystallization,

is 400 years. No quantitative data were obtained for

Fe80 P6.5 C3.5 B0 ; however, based on the higher temperature

required for crystallization, it is expected to have a longer

lifetime.

viii



CRYSTALLIZATION KINETICS OF T1O METALLIC

GLASSES BY MOSSBAUER SPECTROSCOPY

I. Introduction

Mossbauer spectroscopy is becoming an increasingly

important tool for studying the environments of nuclei. In

this study, it was used to examine the crystallization

characteristics of Fe80B20 and Fe8 0 P6 .5C3 . B1 0 amorphous

alloys. These materials, commonly called metallic glasses,

crystallize during accelerated aging at high temperatures.

Background

The glassy metals exhibit useful magnetic, as well as
1

material (tensile strength, hardness, flexibility), properties.

The Air Force Materials Laboratory has become interested in

their possible use in magnetic devices for Air Force weapons

systems. As a result of this interest, in 1978 Schmidt (Ref 1)

and Roberts (Ref 2) used Mossbauer spectroscopy to study the

atomic structure of a few of the glassy metals, including

Fe8 0 B 2 0. Because of projected high-temperature applications,

the Materials Laboratory is concerned about thermal wi:n of

these materials. Knowledge of the glasses' expect. ci? times

at operating temperatures around 473 K is needed. yilict

the aging rates of these amorphous materials, one : ow

iSee Appendix E for a review of possible applications.
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used to determine these rates; all require measurements at 100

to 200 K above the expected operating temperature. In this

study, Mossbauer spectroscopy was used to examine the growth ol

crystals in the metallic glasses Fe 80 B2 0 and Fe8 0P6 .SC 3.SB 1 0 .

Problem

The problem investigated in this study was to determine

the thermal aging rate of metallic glasses. Specifically, the

kinetics of crystallization of Fe 8 0 B2 0 and Fe 8 0 P6 .S C 3 . B 0 were

studied. These glasses were examined by: 1) isothermal anneal-

ing, 2) taking Mossbauer spectroscopy during annealing, 3) eval-

uating the spectra to determine growth of a-Fe crystals, and 4)

using the crystallization rates at various temperatures to

determine the Arrhenius constant.

Scope

This study was limited to the investigation of only

two of the glassy metals, Fe8 0R2 0 and Fe 8 0P6 .5C3 .5B1 0. The

temperature ranges were respectively 573 to 626 K and 716 to

744 K. The annealing periods were from one day at the high

temperatures to two weeks at the lowest temperatures. No

attempt was made to determine the structure of eithe: the

amorphous or the crystalline material. In additin. Tc,

literature studied was limited to only sources av*. :- at

the School of Engineering, Air Force Institute of . ...

Review of the Literature

This section contains a review of some o -i ny

studies of the m:tallic glasses. These studies are mainly

2



th three charixcter i ICo the a -

phous structure, 2) temperature dependence of their magnetic

properties, and 3) thermal aging (or crystallization) charac-

teristics. Some of the results of these studies will be

presented in the discussion section in Chapter IV.

Luborsky studied the crystallization of Fe80B20 ,

Fe4 0Ni 4 0P1 4B6, and Fe4 0Ni4 0B2 0 , using magnetic methods and

differential scanning calorimetry (Ref 3). Using the tempera-

ture of onset of crystallization at various heating rates, he

determined the activation energy for the three materials. He

also showed that thermal stability increased with the number

of atomic species, i.e., that Fe 8 0B 2 0 was the least stable of

the three glasses. Fukamichi and others studied the magneti-

zation, electrical resistivity, thermal expansion, and differ-

ential thermal change of a variety of Fe-B glasses (Ref 4).

They determined that the crystallization mechanism of the Fe-B

glasses depended on the concentration of boron. Chien studied

Fe8 0 B2 0 from 4.2 K up to 1050 K, using Mossbauer spectroscopy,

and found that it crystallized to a-Fe and Fe3B when annealed

at a high heating rate, but found only Fe 2B a" low heating

rates (Ref 5). Luborsky and Lieberman examined the crystalli-

zation kinetics of the Fe-B glasses (12 to 28 percent boron)

by differential scanning calorimetry (Ref 6). They determined

that for 18 to 28 percent boron, the activation ercr:ly for

the onset of crystallization was independent 3f ho::, concen-

tration. However, Tarnoczi and others studied the role of

Fe 3B in the crystallization of Fe-B glasses, and concluded

3
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similar to Luborsky and Lieberman's above, used differential

thermal analysis on 12 to 20 percent boron Fe-B glasses (Ref 8).

His results, obtained above 700 K, led to the conclusion that

the formation of c-Fe accompanies the crystallization of Fe 3B.

Chien and others did a lengthy study on Fe-B glasses (14 to

28 percent loron) and crystalline Fe3B using Mossbauer spec-

troscopy and magnetization measurements (Ref 9). Kemeny and

others used Mossbauer spectroscopy, differential scanning

calorimetry, and magnetization measurements for a thorough

investigation of the structure and crystallization of Fe-B

metallic glasses (12 to 25 percent boron) (Ref 10). For 16

to 25 percent boron, they concluded that crystallization

proceeds by the formation of c-Fe and Fe B in an eutectic
3

process. They also deduced that the glass structure should

be based on locally distorted, quasi-crystalline Fe3B.

Schaafsma and others have also done a lengthy crystallization

study on two Fe80B20 glasses (Ref 11). They concluded that

the crystallization mechanism did not change between 580 and

640 K. They also found that nucleation did not control the

crystallization rate; i.e., that crystal nuclei exist in the

as-quenched amorphous material. Finally, Kopcewic: used

Mossbauer spectroscopy to study radio-frequency aw. :,'1ir.

of Fe 4 0 Ni 40B (Ref 12). Ile found that as a resu-

netostrictively induced atomic vibrations, a str2'

rf field caused crystallization in LN2 - cooled san1,c..

4



As suimpt i ons

The following were assumed to be true at the outset:

1) The Fe 80B20 and Fe80 P6 . C3 .5 B 10 alloys were

amorphous.

2) During annealing a-Fe and metastable Fe 3B were

formed.

3) The compositions were true to within one percent.

Overview

The theory of the Mossbauer effect has been well docu-

mented and will not be presented here; however, the use of

Mossbauer spectroscopy to study nuclear environments is pre-

sented in Chapter II, along with the theory of crystalliza-

tion of Fe-B glasses. The Mossbauer equipment, annealing

system, experimental procedures, and data processing are

described in Chapter III. Chapter IV contains the results

and discussion, and Chapter V contains the conclusions and

recommendations.



II. Theory

The theory of the Mossbauer effect has been fully

developed and is well understood (see, e.g., Ref 13 and 14).

For a condensed and simplified explanation, see Roberts'

thesis (Ref.2: 3-11). Mossbauer spectroscopy measures the

hyperfine fields of nuclei. This is possible because the

hyperfine field interacts with the nuclear dipole moment,

which, for iron-57, qplits the resonant-absorption energy

into six energy levels. The magnitudes of these energies are

directly proportional to the value of the hyperfine field,

which is characteristic of the electron environment of the

nucleus. Thus, for nuclei in a crystal, there are different

six-peak spectra (with Lorentzian line shapes) for each mag-

netically inequivalent site. For an amorphous material which

has only short-range order, there are very few magnetically

equivalent sites. The glass spectrum, then, is a combination

of many different six-peak spectra, with a probability dis-

tribution P(H) describing the nuclear hyperfine fields. The

P(H) of FesoB2 0 have been described by Schmidt (Ref 1) and

Vincze (Ref 15) as a binomial distribution. This distribu-

tion was related to the number of nearest neighbors of iron

and non-iron nuclei. However, others have shown t-,. the

glass spectra can be described by a model-independJOt pro-

bability distribution (Refs 15, 16, and 17). Schurer and

6
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Gaussian line shapes, describes the glass spectrum reasonably

well (Ref 16: 819). This method is used in this study for

the Fe8 0B2 0 glass.

When a metastable metallic glass is heated, it under-

goes atomic rearrangement to a more stable, but still amor-

phous, state-(Ref 18: 577). With further heating, it begins

to crystallize. This crystallization has been described as

a diffusion process, as one or more species migrates out of

the amorphous region (Ref 11: 4428). For the Fe-B glasses,

the possible crystalline states are a-Fe, FeB, Fe 2B, and

Fe B. Fe2 B is expected to form during crystallization of

the amorphous phase because it is much more stable than Fe3 B.

For Fe 8 0 B2 0, however, the metastable Fe3 B (or Fe 75 B2 5) is

much nearer the original composition than Fe 2P (or Fe6 7B3 3 ).

Thus, others have found that a-Fe and FesB are the species

formed during annealing of Fe80B20 (Refs 7: 1026; 8:232; 10:

485; 11: 4429). While some determined that iron diffused

from the glass to form a-Fe, leaving amorphous Fe 7 5B2 5, which

subsequently crystallized to Fe3B (Ref 11: 4429), others

deduced that Fe3 B crystallized accompanied by the simultaneous

formation of a-Fe (Ref 8: 233). For a glass with i:lny species,

such as Fe 8 0 P6 .5 C3 .5 B 1 0 , there are many possible c . ine

states. These include FeB, Fe 2B, Fe3B, Fe3 C, Fe- 3'

combinations of these by atomic substitution, alc.-

The isothermal crystallization of an iron-ha:seJ ga ss

can be followed, then, by examining the growth of the six-peak

7
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line fraction x(t) is the ratio of the volume of a-Fe crystals

formed at time t to the volume in the fully crystallized

sample. It can be described by the Johnson-Mehl-Avrami

equation (Ref 11: 4426):

x(t) = I - exp [-(k(T)t)n ] (1)

When rearranged, Eq (1) becomes

In In 1-x t) n In k(T) + n in t (2)

which yields a straight line plot with slope n. Above, k(T)

is a temperature dependent constant, and the exponent n is

determined by the nucleation and growth characteristics of

the crystallization. The time tx (T) to crystallized fraction

x can be determined from Eq (2) for a series of isothermal

measurements. Then, for a thermally-activated diffusion

process, the Arrhenius equation describes the lifetime tx

at constant x as a function of temperature T:

.tx = k0- 1 exp (EA/kBT) (3)

where k0 is a frequency factor, kB is the Boltzman constant,

and EA is the activation energy of the crystallizat; :n pro-

cess expressed as energy per atom (or per mole) (1: 1: 4427).

Eq (3), when rearranged, also yields a straight li,.. .0,

with slope EA/kB:

In tx = In k0 - + (EA/kB)T- 1 (4)

8



The above kinetic ;parai; cters cn 1e dcricJ1 from

relatively quick measurements at high temperatures. If the

assumption is valid that the crystallization process is the

same over a large range of temperatures, then these constants

can be used to predict the crystallization rate at lower tem-

peratures. In this study, the crystallized fractions x(t)

were determined from the amplitudes of the a-Fe portions of

Mossbauer spectra. The half lives t.5 were then determined

by least-squares curve fitting, and were used to determine

the activation energy from the Arrhenius plot.

t 9
................



III. Equipment and Procedures

In this section the Mossbauer spectroscopy equipment

and annealing system are described. The procedures for pre-

paring the glass samples and assembling them in the heater

are included. Annealing the samples, taking the Mossbauer

spectra during annealing, and analyzing the spectra are also

described.

Mossbauer Equipment

The major Mossbauer spectroscopy components included

a constant-acceleration velocity transducer (motor), a linear

amplifier/single channel analyzer. a krypton-filled propor-

tional counter, and a Mossbauer control unit (MCU). All were

manufactured by Ranger Electronics. The Mossbauer spectrum

was taken on an RIDL 400 multichannel analyzer (MCA), operated

in the time-sequential scaling mode. With the exception of

the time-base oscillator, which was an RIDL model 54-6, the

equipment is the same as that described by Skluzacek (Ref 19:

S-11), Schmidt (Ref 1: 11-15), and Roberts (Ref 2: 12). The

source, connected directly to the motor, was approximately

6 mCi cobalt-57 in a rhodium foil.

Annealing System

The annealing system consisted of a heater, - ther'rvo-

couple reader, a vacuum system, and one of twee

controllers. Ranger Engineering built the heater i':i[ 1; as

10
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Vacuum
Port Power Leads,

(0.1-<-0. Thermocouple ads

KTF

heatig dics an alined ihtnau mnmmolidw

Window

LiS ample
Aluminum Foil
Heat Shield

Fig 1. Heater (not to scale)

a prototype. The heating elements were two graphite discs

(0.135 ± 0.002 mm x 25.4 mm). The sample was held between the

heating discs and aligned with two aluminum foil windows

(0.025 ± 0.001 mm x 25.4 mm). There were two iron-constantan

thermocouples inside the heater; one was located in a slot at

the edge of the heating element frame, the other was centered

on the sample. The Omega thermocouple reader was calibrated

with ice, boiling water, and molten tin. The vacuur. 3'Vsten

consisted of a forepump and an oil diffusion plrip t",cd with

liquid nitrogen. Its purpose was to prevent convc.:'i '--at

transfer to the heater body. The first tenperature, ccn:roller,

11



Heater Detector
Motor Source

\*'"- Shock Mounts -

Fig 2. Mossbauer/Annealing System

a Lambda regulated DC power supply, wa.s designed to provide

manually-set constant current. Because of the failure of this

power source, it was replaced with a Gardsman temperature

controller, which was connected through a filament transformer

to the heater. It supplied AC power, which produced an alter-

nating field between the heating elements. This produced a

problem which is discussed in Chapter IV. The edge thermo-

couple supplied feedback to the controller. Neither controller

regulated the temperature adequately; temperatures ".: ried :2 K

throughout the runs, with occasional drors (less tb: 1% cf

annealing time) of up to 10 K.

A sketch of the source-abso'ber-dctec7-, i

shown in Fig 2. The distance from the source to actor

window was approximately 10 cm.

12



S Prer!,at ion

Dr. Harold Gegel, of the Air Force 'laterials Labora-

tory, provided the glassy metal ribbons which were used to

prepare the samples. Battelle Laboratories at Columbus, Ohio,

manufactured the ribbons by spin-cooling the molten alloy on

a cooled rotating drum. The Fe8 0B2 0 (nominal atom percent)

glass ribbons were 28.8 ± 0.5 pm thick, the Fe 8 0P6 .5C 3 .5B1 0

ribbons were 27.9 ± 0.5 pm thick, and the width of both varied

from 0.5 to 1.2 mm with an average width of about 0.8 mm. The

samples were prepared as a parallel array of the ribbons in

32 ± 2 mm long strips, to form an absorber 25 mm wide. The

strips were held parallel with cellophane tape at the top and

bottom and then bonded at one end with cyanoacrylate cement

to a boron nitride disc (25.4 mm diameter). This was done to

prevent thermal stresses which have been observed to affect

the spectra (Ref 20). When the cement had dried, the glass

strips were trimmed to the dimension of the boron nitride disc.

Since the cement degraded during the annealing, the strips were

held unfettered and remained free of thermal stress.

Heater Assembly

The sample and heating discs were assembled into the

heater as shown in Fig 3. One graphite disc was inserted into

the ceramic frame, followed by a clean boron nitrijc disc.

The fine thermocouple was then centered on the 'o: :,,tride

disc. The second boron nitride disc, with tihe :. - :le

attached, was then inserted, followed by the scc'- : ite

disc. The assembly was secured by two small plzt: ,.nd screws.

13



Edge
Center Therrno C ,l

Thermocoupi-

Glass Strips-

77

Grphit Cermi Frme--"

(-BoroneNitoid-.,)

Fig 3. SaiplelI'ater Assembly

The heater assembly was then inserted into the heater body,

secured, and vacuum was applied.

Annealing and Data Collection

Once the heater was assembled and degassed overnight,

the isotherral annealing run began. The heating rate was 5

to 15 K/min up to 473 K, and held there until again do, ssed.

When the vacuum dropped below 10-.3 Pa, the tempera.,: .- is in-

creased to the desired annealing point. Generallv., ; .too±

about five rinutes. The initial Mlosshauer spec tr. - .tarted

as soon as this temperature %as reached. :\dditional spectra

were then taken in sequence until the sample was near 'ull

14



crvstpllization. The time between the end of One snectr,1r ,

and t e beginning of the next was about ten minutes, ;,il

was the time necessary to punch the 400 channels of data onto

paper tape. The isothermal annealing runs lasted from 10.5

hrs for Fe80B20 at 626 K, up to 315 hrs for Fe80B2 0 at 573 K.

To fully crystallize the samples, the temperature was in-

creased for about 18 hrs following each annealing run (to

640 K for Fe8 0B20, 750 K for Fe80P6 .SC3 .SB10 ). The tempera-

ture was then lowered to the original annealing point, and

a final Mossbauer spectrum was taken. The spectrum collection

periods were between 1 and 24 hrs, depending upon the crystal-

lization rate of the sample.

Data Processing

The Mossbauer spectra were analyzed by a least-squares

minimization curve fitting program developed at the Argonne

National Laboratory. This program, GENFIT, has been modified

by Skluzacek (Ref 1: 21), Schmidt (Ref 1: 21-22), and Roberts

(Ref 2: 18). It is listed as Appendix A of Roberts' thesis

(Ref 2: 50-60), and will not be repeated here. A user-

supplied subroutine, CALFUN, provides the mathematical model

to be fitted, along with the desired variable parameters.

Three different CALFUNs were used for this study-. They are

explained below.

Subroutine CALFUN (Gaussian tit to Fe8 :

This subroutine fits Gaussian line shapes to thcv 7 I,

spectra taken at the beginning of each annealing '. .

15
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hyperfine field (Ref 10: 478), it did provide reasonable fits.

Its purpose was to provide the glass spectra to be included

in the CALFUN below. The variables which were included in

this subroutine were:

1. Baseline: the average counts in the background

of the Mossbauer spectrum.

2. Magnetic field: one value of average hyperfine

field, in kOe (100 kOe = 7.96 MA/m).

3. Isomer shift: one value of iverage isomer shift

for the glass, in nm/sec.

4. Quadrupole split: ono value of average quadrupole

split for the glass, in mm/sec.

S. Total intensity: one value for total intensity

(average) of peaks one and six, expressed as a

fraction.

6. Relative intensity: one value of the ratio of the

average intensity of peaks two and five to the

average intensity of peaks one and six.

7. Linewidths: six values of the full width at half

maximum intensity (FIWIM) ; one for each of the six

Gaussian line shapes, in mm/sec.

The areal ratios of peaks three and four were constrained to

one-third the area of peak one. This subroutine is listed as

Appendix A. It was called GAUSSCALF.

Subroutine CALUN (Cr%'stalli-ed Feg0BT0 . This sub-

routine provides for fitting the data with one six-peak a-Fe

16
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(Gaussian) glass spectrum. The variable parameters are:

1. Baseline: as in GAUSSCALF above.

2. Magnetic fields: one hyperfine field for a-Fe

and one each for three Fe-B sites, in kOe.

3. Isomer shifts: one each for a-Fe and the three

Fe 3 P sites, in mm/sec.

4. Linewidths: one value of FWtIM for peaks one and

six, one for peaks two and five, and one for peaks

three and four, of all three Fe B sites, in mm/sec.

5. Total intensities: one value of total intensity

for each of a-Fe, Fe 3B , and the glass.

To simplify--and reduce the time and cost of--processing, this

subroutine required many constraints. The glass spectrum was

constrained to those parameters found in GAUSSCALF above, only

its intensity was variable. The linewidth of a-Fe was con-

strained to that value found for the fully crystallized spec-

trum, and all six peaks used this same value. The areal ratios

were 3:2:1:1:2:3 for peaks 1:2:3:4:5:6 of a-Fe and Fe3B. The

relative intensities of the three Fe3B sites were 1:1:1, and

their linewidths were constrained to be equal for si::-ilar peaks.

Finally, the quadrupole splits of a-Fe and the thre.: Fe-B sites

were constrained to zero. This subroutine, called 711C.LF,

is listed as Appendix B.

Subroutine C.\LFII\ (for -- Fc, peaks on. :: -his

version of CALFJN provides for analysis of ony pc and

six of the a-Fe crystallized from the glass. It inrl1',..1s a

17



Giaussinn shinned hbckornundl. nnrl (Ines nnt fit 101, centsr .n-

tion of the spectrum. The required vuriables are:

1. Baseline: as in GAUSSCALF.

2. Magnetic fields: one value for the a-Fe hyperfine

field, and one value for the background, in kOe.

3. Total intensities: one value for the total inten-

sity of peaks one and six of a-Fe, and one value

for the background.

4. Linewidths: one value of FWIHM for a-Fe, and one

value for the background, in mm/sec.

5. Isomer shifts: one value of isomer shift for a-Fe

and one value for the background, in mm/sec.

This subroutine is listed in Appendix C, and was called

ALPHA-BG. Appendix D contains instructions for using GENFIT

and CALFUN, and discusses required alterations to FIVECALF for

spectra taken at other temperatures.

Goodness of Fit

The goodness of fit to the Mossbauer spectra is measured

by Chi-squared, which is generated by GENFIT. Its value is

defined by:

Chi2 = N (data point. calculated point. (

i=1  data point i

where N is the number of data points fitted. Theo ,  ::fll,

the values of Chi-squared obtained for a nur'ber 2

should be randomly distributed around the nuTher 

points, in the limit approaching this number.

18



IV. Results and Discussion

In this section, the results of the spectra analyses

and crystallization rate determinations are presented. These

results are compared in the discussion to those derived by

others. Table 1 lists the isothermal annealing runs with

the sample material, temperature, annealing period, slope

of the Johnson-Mehl-Avrami plot, crystallization half-life

t.S, and heater power (AC or DC). Figures 4 through 15 are

examples of the Mossbauer spectra taken during the annealing

runs. The title of each figure lists the sample material,

temperature, annealed time, CALFUN used, and crystalline

fraction. The crystalline fraction was calculated as the

ratio of the value of the a-Fe intensity of that run to the

value of the fully crystallized state. Figures 4 (2.89 hr

at 573 K) and 5 (48.9 hr at 573 K) show that the glass spec-

trum changes very little before crystallization. Figure 6

shows the a-Fe peaks just after the onset of crystallization;

note that the remainder of the spectrum still resembles the

glass spectra. Figures 7 an.. (19 and 100 percent crystal-

lized) include the locations of the peaks of the a-Fe and

three Fe B spectra, along with the values of their hyperfine

fields (in MA/m). Note that the values of the thrcc Fe3B

fields increased with time, which was true of all >:othcrmal

annealing runs. However, the linewidths of these peaks de-

creased with time, as much as 50 percent. Figures 9 and 10
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CjQa1rv i. :.)!1str te 1L , - -

rupole splits to zero: Chi-squared was 508 for Fig 9, but

with quadrupole splitting included in FIVECALF, it was 326

(for 330 data points). Figure 11 is the fully crystallized

spectrum of Run 4, and except for total intensity, it is

nearly identical to Fig 9 (Run 3 at the same temperature).

Figures 12 and 13 show the poorly resolved spectra obtained

when using AC power for the heater. Sample motion induced by

an alternating magnetic field caused extreme line-broadening

which resulted ir. overlapping of the absorption lines. Figures

14 and 15 are two spectra obtained with Fe8 0P6 .5C3 .5B1 0 (Run 7).

Although the intensity of the c-Fe peak of Fig 14 indicated a

fully crystallized state, visual inspection of these two

spectra show a substantial change.

The crystallized fractions for Fe8 0 B2 0 (Runs 1 thru 5)

are plotted against time in Fig 16i Representative error bars

are indicated on the first and last points of the 626 K data.

The data of Run 4 were plotted such that the first data point

fell on the calculated Run 3 line. Had the third data point

been plotted on this line, the remaining points would have

fallen very close to the Run 3 data. Because of low counts

and line-broadening of the Mossbauer spectra of Run 2, only

the last three data points were useable, and are Au.ced in

Fig 16. The crystallization half lives, deterniT. : least-

squares fits to the data of Fig 16 (bet,.ecn x =x

0.80). are plotted versus time in Fig 17. The value ol the

activation energy EA for c-Fe crystallization was determined
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.. ler:t -squaIres fit to tn- .T to of tis Arrhcn! I n

lile value of EA was 0.256 ± 0.000 MJ/mole (2.65 ± 0.0:7 eV/

atom), and In k -1 was -47.5. Using these constants and0

T = 473 K in Eq (3), the predicted half-life of this Fe8CB 2 0

sample is 5500 ± 450 years at the expected operating tempera-

ture of 473 K.

The Fe P6 .C 3 B1 0 did not crystallize at 614 K, but

crystallized extremely fast at 716 and 744 K. Only one or

two spectra were taken before full crystallization at these

two temperature3. Hence, no kinetic data were obtained for

this material. Only qualitative statements can be made about

the crystallization of Fe8 0P6.5 C 3.5B 1 0 ; these will be presented

in the following section.

Discussion

The values of Chi-squared obtained when analyzing the

Mussbauer spectra of Runs 1 through 5 varied over a large

range--from less than the number ot data points for some runs

to up to four times the number of data points for others.

This indicates a failure of the mathematicai model used to

describe the Mossbauer spectra. However, this failure was

expected, considering the large number of constraints on the

model used for FIVECALF (the values of Chi-squared for the

GAUSSCALF and ALP11A-BG fits wece generally very cIo.;(, to the

number of data points). By visual irspection, the its were

good in the are:i of the a-Fe peaks, and its gro%,th -,as probably

followed accurately. The same cannot be said for the growth
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of . due to the chance in the hyperlfine field an1d L,,iK

during crystallization. Since the glass spectrum does broaden

slightly during crystallization, it may continue to change

throughout the transformation. The fit to the Fe3B spectra

would then have to account for this change. An alternative

view might be to consider the Fe3B as still semi-amorphous

during crystallization.

In Mossbauer spectra taken during early annealing runs,

the values of FWHM for the Fe3B peaks increased for peaks

farther from the center. This is typical of glass spectra

(Ref 16: 821). For the fully crystallized spectra, the FWHM's

were nearly constant, which indicates a crystalline state.

This view tends to support Kemeny's (Ref 10: 485) and

Schaafsma"s (RPI 11: 4429) conclusions that crystal nuclei

exist in the as-quenched glass and that the structure should

be based on a locally distorted, quasi-crystalline Fe3B. It

appears that the material is transformed from a glass to a

semi-amorphous Fe3 B, and finally to a tetragonal Fe3B crystal.

This may be due to a stress relaxation rather than a crystal-

lization process.

Because of the long time required to reach full cry-

stallization at 573 K, Run 1 was terminated at 31S hrs, and

the temperature was raised to 611 K. This was done to try to

detect a change in the crystallization ;rocess at ti. lower

temperature. The first crystallization ti;,c of Tu- '..::s ad-

justed by At so that this data point ficll on the li-e r,culated

for Run 3. The other times of Run 4 were then adjusted by this

37



o :ne data scatter, no conclusion was made concerning a change

in the crystallization rate or process.

Using the methods described in Chapter I, others have

found the activation energy of Fe8 0B2 0 to be between 0.195 and

0.257 MJ/mole, with the average toward the upper value (Refs 3:

42; 6: 139; 10: 485; 11: 4427). This range is significant:

Luborsky, using calorimetric and magnetic methods to measure

the onset of crystallization in Fe80B20' determined that the

activation energy was 0.202 MJ/mole. lie used this value to

calculate an expected lifetime of 25 years at 473 K. He deter-

mined that "after the onset of crystallization, the magnetic

properties deteriorate catastrophically [Ref 3: 139]."

Schaafsma determined that the onset of crystallization corres-

ponds to a crystallized fraction of less than 0.02 (Ref 11:

4425). Using his data, with EA = 0.242 MJ/mole, to calculate

the onset of crystallization, the projected lifetime of his

glass is 1000 years at 473 K. The same calculation yields a

lifetime of 400 years at 473 K for the Fe80 B20 of this study.

These calculations assume that the crystallization rate is

determined by the growth of a-Fe, not Fe3 B; and that the crys-

tallization mechanism does not change between 573 and 473 K.

The data obtained during the crystallizatirn of

Fe 8 0 P6 .C 3 0 were insufficient for analysis of iti. o&v;tal-

lization kinetics. However, a much higher tempcrata: - .,as

required for crystallization. Therefore, qualitatively, its

activation energy would be greater than that o Fe 8 0B 20. This
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i7 tr'uC or other si;:'iI ar .' Iss &- wilh :: anv L: i .C

(i.e., Fe4 0Ni4 0B2 0, Fe 8 0 P 1 3 C7 , Fe4 0Ni 4 0P1 4B6, Ref 3: 140).

Thus, the lifetime of Fe 80P 6.C3.5 B is expected to he greater

than that of Fe 8 0 B2 0.
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V. Conclusions and Recomendations

The metallic glasses Fe8B20 and Fe8 0 P6 .C 3 .B 1 0 have

been crystallized by isothermal annealing at high temperatures.

The crystallization was followed with Mossbauer spectroscopy,

and the rates of formation of a-Fe crystals in Fe80B20 were

determined. These rates were used to determine the activation

energy and rate constant of the crystallization process. These

constants were used to calculate the expected lifetime of

Fe80B20 at 473 K, 100 K below the lowest isothermal run. If

the crystallization mechanism does not change between 473 and

573 K, the onset of crystallization is projected to be approxi-

mately 400 years. No kinetic data were obtained for the

crystallization of Fe8 0P6 .5C3 .5 B1 0 , oi for the formation of

Fe 3B in the Fe8 0B2 0.

Recommendations

This study can be expanded in the following ways:

1) Use a stronger Mossbauer source to increase counts

per channel. This would permit a more careful stud) of the

crystallized spectra to determine Fe-B growth rates.

2) Use an accurate temperature controller (with direct

current), and continue the study at lo,,Lr temperatu'.. .

3) Study the magnetic and material propew of par-

tially crystallized samples. This would relate c:w, ized

fraction to material performance.
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- 3 Sinc e sin' :,.lt Cr ' . . 5:I 1 -) i 1;.l ."

aging of the glass (Ref 12), include a strong rf field during

some of the isothermal annealing runs. The field strength

must be great enough to displace the atoms in the amorphous

metal. Kopcewicz found that 800 A/M at 67 M'flz was enough to

cause crystallization, but 400 A/M at 53 MHz was not.
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APPENDIX 1)

GENFIT Instructions.

This appendix contains instructions for using GENFIT

with one of i he three CALFUNs listed in Appendices A, B, and

C. It is prcsecnted in tw,%o parts; the first explains the con-

trol cards and parameters used when running GENFIT, the

second describes how to alter FIVECALF for different tempera-

ture runs.

Control Deck

The following control deck precedes the data. It peym;its

processing on the AFIT terminal only.

DEB,T300,CM120000.STCSB. M799999,DBELLER,4369.
ATTACEi,A,GI3NET,MR=l
FIN,I=A,OPT=0 R,P-.=>0
ATTACH ,COMP I IF1-,,GAUSSCAXLF ,M R=l
FIN,I,OPT=0 , R=2,, =0.
ATTACH ,P ,CCPLOT01S6X, ID=LI BRARY ,SN=ASD.
LIBRARY ,P.
LDSET ,PRESLT=ZERO
LGO.
7/8/9

The first two cards of the data deck are title cards. They

are used to identify the material and run number, anid the

CALFUN used for processing the data. The third da. a card con-

tains proccssing, parameters as explained below.



F I 11 1 O 01 i

1: 1 .AL 1

12,188,218,2, 1,200,0.

includes baseline as a variable param:c.13r

maximum calls of CALFUN

type of plot

number of times timing channels have
exceeded one million counts

ENFIT does not fit the velocity curve

between these channel numbers

number of variable parameters in the
attached CALFUN

The parameter cards then follow this card. In this case, there

are twelve (as in above card). Two are given for example

(format 16, cpen)

HFIELD 310.

BASELN 52000

The Mossbauer data deck follows immediately after the parameter

cards. There are forty data cards, in 13, 1017 format. They

contain the channel number of the first data entry on each car,

plus 10 channels of data. The final two cards co3. -in mov e

processing parameters.
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number of times the data is smoothed
before processing

range of channels of right-hand zone
for polynomial baseline fitting

range of channels of left-hand zone
for polynomial baseline fitting

number of zones to be used for baseline
fitting

number of times baseline has exceeded
one million counts

order of the polynomial fit to the
baseline

9.0,2.25

distance between hack marks on the
horizontal (velocity) scale of the
CALCOMP plot, in mm/sec

horizontal scale distance (-9 to +9
mm/sec)

The final card for processing Mossbauer data is the end-of-job

card:

6/7/8/9 END OF JOB

Altering FIVECALF

FIVECALF must be changed for different temperature runs

because the glass spectrum changes over a given temperature

range. The average hyperfine field, the distributirn of

fields, the relative intensity o f peak two to peal. ne, and

the isomer shift and quadrupole split all vary wit: t " "erature.

Altering FIVECALF is rather simple, however. Once .A'(,SSCALF

has been run with a non-crystallized spectrum and the parameters
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They are listed below by line number in Appendix B.

000220 change temperature to that which this copy of FIVECALF
will be for

001460 change 1=145. to the hyperfine field obtained with
GAUSSCALF

001470 change S=-.200 to the isomer shift obtained

001480 change Q=-.005 to the quadrupole split obtained

001840 change B1(1) to the value obtained for the linewidth
of peak one

001850 change B1(2) to the value obtained for the linewidth
of peak two

001860 change BI(3) to the value obtained for the linewidth
of peak three

001870 change B1(4) to the value obtained for the linewidth
of peak four

001880 cha. ge BI(5) to the value obtained for the linewidth
of peak five

061890 change BI(6) to the value obtained for the linewid~h
of peak six

001950 change 1.30 to the value of the ratio of peak two to
peak one

001980 change 1.30 to the value of the ratio of peak two to
peak one
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APPENDIX E

Applications of Metallic Glasses

In this appendix some of the existing and proposed

applications of the metallic glasses are described. The

mechanical, electrical, and magnetic properties of some of

the glasses make them suitable for many uses. Two commercial

applications have existed since 1976. A woven fabric has been

manufactured for use as magnetic shielding. It performs as

well as Fe80 Ni 20 foil, and it has the advantage of high flexi-

bility. The other current application of metallic glass is

in magnet-strictive delay lines, which take advantage of the

large magnetostriction of the metallic glasses and the high

change in Young's modulus with applied magnetic field. Other

uses are envisioned which take advantage of various combina-

tions of magnetic "softness," mechanical hardness, and high

electrical resistivity.

Due to the ease of reversing magnetic fields in the

metallic glasses, power transformers with these materials

in their cores would lose much less energy to heating. These

glassy, metals have been proposed for windingl the co: of

inversion transformers, current and pllse transfor... :. and

magnetic amplifiers. They also are likely canidid< the

"read" and "write" heads in magnetic tape recorder. an disc
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t ' :t:ls. Their eIct ca I re sit c prorertic -

thCJi. :uitable for electrical resistors, low temperature

heating wires, and resistance thermometers.

The various mechanical properties of the glassy

metals make them useful for many other applications. Because

of high tensile strength, some of the glasses might be used

as reinforcing filaments in tires, transmission belts, or

high pressure tubing; or as stress transducers in a multi-

vibrator configuration. Their corrosion resistance makes them

useful in underwater cables or biomaterials. The hardness and

ability to be sharpened make some of the glassy metals suit-

able materials for manufacturing cut-:ing devices.

Besides the above applications which are based on

the macro-properties of the metallic glasses, there is at least

one use based on their micro-structure: they have been pro-

posed as the storage medium for magnetic "bubble" memory

systems. Since the bubbles in the metallic glasses are one-

fifth the size of those in synthetic garnet, the storage den-

sity would be 25 times greater. The vortices (important in

superconductors) are 10 times smaller. If these can be used

for storage, the information density could be 250 times greater

than that now projected in synthetic garnet bubble memory

systems.

All of the above applications can take advantage 1-f

two common properties of the metallic ,lasses: they are ' rv..

easy to work with, due to their flexible-fiber form; and t:ev

are inexpensive to manufacture, due to the one-step production
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the authors who have researched the applications of the

metallic glasses--and will probably continue--are: C.D.

Graham, T. Egami, J.J. Gilman, P. Chaudhari, and F.E. Luborsky.
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